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COVER PHOTO: The man with the spray gun is helping to fight
the war against insects which the Armed Forces is continuously
waging. The brush, where insects might lurk in the daytime, is
sprayed with a combustible and then set afire. Another common
method of control—the use of insecticides—is losing its effective-
ness as insects are building up a resistance almostas fastas new
insecticides are developed. To find out the reasons for this and
what scientists are doing about it, see pp. 18-22.

Research Reviews endeavors to report briefly highlights of technical
progress in research by Navy laboratories and contractors and the de-
velopment of important naval research facilities. Articles which meet
these broad criteria and possess a good degree of readability are wel-
comed. Manuscripts and changes of address should be sent to Code 250,
Office of Naval Research, Washington, D. C.
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Military Inventory Control

T. M. Whitin

...1s a researchassociate at Princeton, where he received his
doctorate. His book, "The Theory of Inventory Management",
will be published by the Princeton University Press in March,

Amongthe most complex problems currently faced by economists
and supply personnel is that of controlling the inventory levels of the
National Military Establishment. The situations encountereddiffer con-
siderably from those in private business.

The first and most obvious difference is the fact that the number
ofitems involved in military inventories is vastly greater than the number
encountered in even the largest corporations. For example, R. H.
Macy's is said to carryabout 500, 000 items, the General Motors Corpora-
tion about 120, 000, and the J. C. Penny Company only 25, 000, whereas
the Navy alone carries several million different items. In fact, most
Supply-Demand Control Points have many more items under their cog-
nizance than even the largest corporations. Unfortunately it does not
necessarily follow that inventory control methods applicable to large
firms can be expanded to cope with the larger military problem, for it
is likely that the nature as well as the magnitude of the problems change
as the quantity increases.

Aside from the number of items, the size and complexity of the
military organizationare much greater than in private business. More-
over, there are no objective standards by which one can evaluate the
performance of the component parts of the organization. Currently many
people are engaged in studying Organization Theory in an effortto solve
some of the problems that arise in connection with performance
evaluation.

A second majordifference stems from the greater degree of uncer-
tainty in the demand for military equipment. Of course demand for
various items inthe "military economy' changesdrastically from peace-
time to wartime, and also with changes in public opinion and politics.
In time of partial mobilization like the present, uncertainty about when
and if a war will start, how long it will last, and how it will be fought,
all make the situation extremely complicated. To estimate accurately
the level of demand, one must know the answer to these and many other
questions,

The private entrepreneur, on the other hand, may be faced with a
demand that varies greatly between prosperity and depression, but the
magnitude of these changes is notnearly solarge asthe changesin mili-
tarydemand. Furthermore, the transition from depression to prosperity
is likely to be muchmore gradual than the transition from peace to war.

A third and perhapsthe most strikingdifference betweenthe mili-
tary and private enterprise is the lack of a profit mechanism in the mili-
tary establishment. In business, the costs of adding units to inventory
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(i.e., carrying charges, such as interest, obsolescence, depreciation,
insurance, storage, etc.) can be realistically compared with the expected
costs that result from not adding these units (the loss of profits and good
will, special ordering costs, etc.). If it costs less to add units of an
item to inventory than it costs not to add them, they should obviously be
stocked. In the military establishment, however, there is at present
no adequate way of measuring the costs of "running out of stock”. What
value can one assign to running out of ammunition, to the loss of a few
hours of flying time, or to the lack of adequate clothing? Values must
be assigned, but in the state of present knowledge this can only be done
arbitrarily. Actually whendecisions on militaryinventory problems are
made, this sort of arbitrary value is implicitly assigned.
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Calculating economical purchase quantities and safety allowance levels.

Another difference between civilian and military inventory control
problems lies in the fact that it is essential that the impact of the mili-
tary program on the economy be estimated, for it is likely to be large.
For example, over one-half of last April's inventory increase in the
economy was accounted for by a rise in military stockpiles. In this con-
nection, there is much need for further study of the economic effects of
prolonged periods of partial mobilization. Private entrepreneurs may
often be able to neglect general equilibrium considerations, but mili-
tary planners cannot possibly do so.

In spite ofthe many difficulties that confront the military planner,
a study of the methods used in private industry reveals ways in which
the present military inventory control systems may be improved. One
method that has already been applied in several large corporations
involves the calculation of economical purchase quantities and safety
allowance (reserve stock) levels. The figure above indicates some of
the basic principles ofthis system. The calculation of purchase quanti-
ties involves balancingthe costs of acquisition, which decrease as the
purchase quantityisincreased, against the costs of storage that increase
as the purchase quantity is increased. The figure opposite (left) shows
how ordering costs and carrying charges are related to the purchase
quantity. The lowest point on the curve indicates the most econor.ii-
cal purchase quantity, which varies systematically with changes in
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sales. A typical variation of this kind is shown inthe figure atthe right.
It should be noted that the economical purchase quantity varies muchless
than proportionately with sales. The calculation of economical purchase
quantities may be viewed as roughly equivalent to a calculation of the
appropriate length of the period between orders. Such a calculation
reveals that rather than reviewing and ordering all items quarterly, one
should review some more frequently and others less frequently. At the
present time, exceptions to the policy of quarterly reviewing are made
only in the case of items of small value and low carrying charges (such
as nuts and bolts) where it is intuitively clear thatthe costs of ordering
frequently are not justified. A systematic consideration of this problem
for all items may be needed.

The determination of economical safety allowance levels involves
a balancing of the expected costs of "running out" against the costs of
storage. Like the economical purchase quantity, safety allowances for
maintaining the same protection against chance variations indemand may
be shown by well-known statistical laws to vary proportionately with the
square root of demand. The system is not quite as simple as it seems,
however, because the two calculations are not independent of one another,
as the arrows at the top of the figure on p. 2 indicate.

The savings effected by the use of such an inventory control system
in business have been substantial. Table I indicates the extent to which
safety allowances in the Bell Telephone Laboratories (1) vary with changes
in the probability of depletion. It clearly demonstrates the fact that
reserve stocks canbe significantly lowered if the entrepreneur is willing
torun out of the item occasionally. It would seem sensible to have large
reserve stocks of important items and smaller reserves of items of lesser
importance.

Similarly, large savings can sometimes be brought about through
the calculation of economical purchase quantities. Table II is based on
J. C. Robbins' study (2) of the drug department of a large department
store. It shows thatthe department could halve its combined purchasing
and storage costs for epsom salts by placing orders at less frequent

SALES
o

ANNUAL ORDERING COSTS
AND CARRYING CHARGES

-—— — — 40

PURCHASE QUANTITY ECONOMICAL PURCHASE QUANTITY

This graph shows the rclation A typical variation of economical
of ordering costs and carrying purchase quantity is shown on this
charges to the purchase quantity, graphaccordingtochanges insales.
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Table I

Average Number of Years Each Inventory Required
Item Will Go Out of Stock Once (in §)
1 76,000
2 100,000
5 134,000
10 167,000
Never 276,000

intervals. The example also illustrates a fact that surprises most
businessmen—namely, that turnover rates can be too high as well as
too low. For sixteen items the department incurred ordering costs and
carrying charges of $88 instead of $38. The high turnover rate was
obtained at the expense of excessive ordering costs.

Naturally, the question arises asto whether this inventory control
system has anything to offer the military establishment. The determina-
tion of economical purchase quantities indicates that gains are possible
through centralization, since the number of purchases is reduced. For
operations of the size of the military, however, those gains may not be
available. In thefirst place, the large order size islikelyto necessitate
purchases from more than one plant, thus making additional orders nec-
essary. Secondly, the effect of the size of purchase on the price must
be considered. Large military orders are frequently accompanied by
higher prices.

Though methods are not known thatare adequate for estimating the
costs of running out of military items, industrial experience leads one to
be optimistic concerning this latter problem. For corporations have
effected large improvements in inventory control by using extremely
crude estimates of the costs of running out. In some cases, items are
divided into as few asthree different categories according to importance,
and different safety allowances are set for each category. Allowances
are set so that the firm may expect to run out of very important items
once every ten years, out of moderately important items once every five
years, and out of unimportant items every year or two. If such simple
schemes have been successful, there is every hope that military items
may be divided into rough classes of this sort and safety allowances set
accordingly.

It is all but certain that in military matters estimates of require-
ments are not always equally reliable. Differing amounts of experience
with different items, uncertainty about the nature and size of military
programs, and difficulty in calculating usage rates for various items
contribute to thisuncertainty. A more efficientinventory control system
would result if such variations in reliability were taken into consideration.
It should be possible to reduce the safety allowance for items whose
demand can be accurately predicted and toincrease allowances for items
for which the demand is most uncertain.

Itis less obvious but equally true that setting safety allowances at
a certain number of months' supply is also inappropriate for any single
item when demand for that item varies. Safety allowances set in this
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manner result in a constant ratio of safety allowances to demand. For
example, if the quarterly demand was 300 units, a safety allowance of
one month's supply would be 100 units. If quarterly demand increased
to 1200 units, a safety allowance of one month's supply is equal to 400
units. As indicated above, a safety allowance of 200 units provides the
same degree of protection for a quarterly demand of 1200 units as a
safety allowance of 100 units provides for quarterlydemand of 300 units.
Thus, the degree of protection againstdepletion has been varied, although
it would seem desirable to maintain it constant,

Other inter-item differences that should be considered in deter-
mining safety allowances aredifferences inlead time (the time between
reviewing items and their actual delivery), and differences in carrying
charges. The former may affect safety allowances in quite a compli-
cated fashion. (3) All these differences affect the balancing operation
represented in the figure on p. 2.

A further source of improvement in military inventory control lies
in standardization, of which we have heard so much lately. The wastage
involved induplication of items is apparent. For example, if an item is
broken into two separate classes when there is in fact no distinction, a
safety allowance is necessary for each class. To maintain a constant
degree of protection against depletion, the safety allowances for the two
subclasses mustbe considerably higher than that for the combined class,
although the totaldemand would (by definition) remain the same. Hence,
aside from the wastes involved in additional stock taking, ordering, etc.,
larger inventories are actually required. Thus, even if the economical
purchase quantity was determined by a balancing of ordering costs and
carrying charges, the purchase quantities would differ greatly according

Table Il
Epsom Salts - Annual Sales $319

Actual Optimum
Purchase Quantity $100 $75 $50 $25 $10 $5  $18.54 $66.33

No. times per year
orders are placed 3.19 4.25 6.38  12.76 31.9 63.8 17.2  4.81

Annual costs of
placing orders at
$60 per order 1.91 2.55 .83 7.66 19.14 38.28 10.32 2.89

Average Inventory 50.00 37.50 25.00 12.50 5.00 2.50 9.27 33.17

Carrying Charges
at 8.7 per cent 4.35 3.26 2.17 1.09 43 .22 .81 2.89

Combined ordering
costs and carrying
charges 6.26 5.81 6.00 8.75 19.57 39 11.13 5.78
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tothe classification system used. Suppose a certaintype of screwdriver
had been listed separatelyas items A, B, C, and D, instead of together as
item T. If the demand for A, B, C, and D isequal, purchase quantities
willbe such thattheir sum will be approximately twice what they will be
for class T, thus doubling both carrying charges and ordering costs.

The application of ""simplified practice, " i.e., the elimination of
varieties of products, has been studied by the National Bureau of Stand-
ards. Their study has shown possibilities of great reduction in the variety
of items, which might lead to saving through lower costs of carrying
inventories. For example, the number of wheelbarrows was reduced
from 125 to 27; the number of ducts, pipes, and fittings for warm air
heating and air conditioning was reduced from 5,580 to 759; and the
number of varieties of cans for fruits and vegetables has been reduced
from 200 to 39.

There is much room for the introduction of simplified practice into
the National Military Establishment. Recent attempts by the Munitions
Board Cataloging Agency are a step in this direction. The Munitions
Board's Cataloging Program is intended to eliminate item duplications
and serve as an aid to standardizationas well as tofacilitate transactions
between the various services by providinga common language. Although
it is still too early to appraise the final results of the Munitions Board
Program as a long-run goal, it certainly constitutes an improvement.
Thedifficulties in converting are considerable (itis estimated that it will
take several yearsto implement the program), and the Navyhas empha-
sized that it may prove logistically disastrous if the need for war mobili-
zation arises during the process of conversion.

Some of our analysis has been considerably simplified, perhaps
oversimplified. If an inventory control system is to be useful, all the
important variables must be included in the analysis in a realistic fashion.
It is likely that an extremely complicated set of inter-relationships
between some of the variables exists, inter-relationships that are very
difficultto putin to mathematical form. Nevertheless, there is hope that
fairly realistic "loss functions'' can be evolved to express the loss to be
expected from carrying inventories, from depletion, from ordering costs,
etc. The objective would be to minimize this loss.

It should be emphasized that functions of this sort are in no sense
a substitute for human judgment. Implicitly or explicitly, indetermining
inventory levels, some decisions must be made about the expected demand,
the level of carrying charges, and the relative importance of inventory
items. The objective isto make the best use of estimates of the behavior
of the variables, rather than to supplant the estimation process.

Electronic computers are likely to play anever-increasing role in
military inventory control in connection with loss functions. (4) These
computers make it possible to compute the expected losses resulting from
a tremendous number of alternative inventory control decisions and to
facilitate the selection of optimal policies. Much research on inventory
problems will undoubtedly have as its objective the integration of the best
available information concerning the nature of the loss functions and
modern computers thatare adequate for handling these functions. Although
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a great deal of work remains to be done, the prospects for substantial
improvements in inventory control procedures in the foreseeable future
are good.

References

(1) Wilson, R. H., A Universal System of Stock Control, Purchasing,
September, 1941.

(2) Robbins, J. C., A Scientific Method of Stock Control for Staples,
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Example, George Washington University, Minutes of a Working
Conference on Mathematical Problems in Logistics, Appendix 1 to
Quarterly Progress Report No. 1, December 1949 - February 1950.

(4) Dvoretzky, A., Kiefer, J., and Wolfowitz, J., work published in
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ASTIA-Clearing House for

Technical Information

In the years since World War II, new efforts by government and
industry have brought scientific research into the planning for national
defense on a scale far outstripping any previous peacetime activities,
As a result, technical information growing out of the many and diverse
organizations engaged in defense-connected scientific workbeganto pile
up ata rate thatdemanded some major changes and improvements inthe
established service for handling and distributing this kind of information.

As an approach to the problem, a study was undertaken by the
Special Committee on Technical Information of the Research and Develop-
ment Board. This ledto the establishment of the Armed Services Tech-
nical Information Agency (ASTIA) inMay 1951. Twoorganizations already
inexistence were merged intothe newagency: the Navy Research Section
atthe Library of Congress and the Central Air Documents Office (CADO)
at Wright-Patterson Air Force Base, Dayton, Ohio.

ASTIA as now organized undertakes to collect, index, catalog and
provide storage for scientific and technical reports of the military depart-
ments and their contractors. The service of abstractingthe information
is another valuable contribution of ASTIA, and the results of this exacting
condensation are published periodically (abouttwice aweekfor unclassi-
fied material) and circulated as a '"Technical Information Pilot." The
existence ofthis big information center is an outstandingexample of the
directionin whichorganizational improvementis likelyto goin the criti-
cal years ahead.
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Predicting Teaching Ability

Robert Callis

...received his Ph.D. in educational psychology from the
University of Minnesota and now works under ONR contract at
the University of Minnesota. Previously he was in the Navy.

Teaching is a complex phenomenon. Many attempts have been
made to analyze teaching ability with a view topredicting it. In general,
however, the results have been discouraging. More recent investiga-
tions suggest that teaching skill may be a complex of abilities rather
thana single trait or behavior pattern. If thisis true, then amore fruit-
ful approach to analyzing and predicting it would be to study its various
aspects independently before attempting to study the ability as a whole.

One aspect of a teacher's competence is his skill in establishing
the good relations between himself and his class which are essential to
efficient learning. When an harmonious atmosphere prevails there are
few incidents requiring disciplinary action, a situation which promotes
unity, interest, and cooperation among the students.

When harmonious relationships between the teacher and students
do not exist, quite a different situation develops. For example, the
teacher may attempt to dominate the class. He may be successful in
doing so and rule with an iron hand, creating an atmosphere of tension,
fear and submission. I unsuccessful in his attempt to dominate, on the
other hand, he maybecome nervous and distraughtin a classroom char-
acterized by frustration, inattention, lack of respect, and numerousdis-
ciplinary problems. In either case, both teacher and students dislike
school-work. There is a feeling of mutual distrust and hostility and
teacher and students attempt tohide their inadequacies from each other.
The teacher tends to think in terms of his status, the correctness of the
position he takes in classroom matters, and the subject matter to be
covered, rather than in terms of what the students need, know, and
can do.

The attitudes of the teacher probably are the key to the problem
of predicting the type of teacher-student relations he will be able to main-
tain. Investigations carried on by Dr. W.W. Cook and his students at
the University of Minnesota during the past ten years indicate that the
attitudes of teachers towards students and school work can be measured
with high reliability and that these attitudes are significantly correlated
with the teacher-student relations found in the classroom. The Minnesota
Teacher Attitude Inventory has emerged from these researches. It is
designed to measure those attitudes of a teacher which predict how well
he will get along with students and indirectly how well satisfied he will
be with teaching.

These attitudes seem to be fairly stable by the time the person is
halfway through college and theyare not materially affected by either the
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teacher education program or early teaching experience. Students in a
teacher education curriculum improved slightly in these attitudes as a
result of theory courses; they showed no change during practice teach-
ing: and they deteriorated slightly during their first year of full-time
teaching. Apparently these attitudes are so firm by the time the person
has reached this stage of his education (or possibly this age) that the
usual teacher education program hasonly a minor and temporary effect.

The attitudes measured by the inventory seem to be related to the
choice of a teaching field. Those who choose to go into early childhood
education score significantly higher on the inventory as a group than do
those planning to teachacademic or special subjects. On the other hand,
people who choose to go into specialized teaching fields (industrialarts,
physical education, art or music, etc.) score significantly lower than
either the academic or early childhood education groups. These differ-
ences have been observed both before students begin their education for
teaching and after they have had experience. They further confirm the
idea that these attitudes are rather stable by late adolescence. If this is
true, then a measure of these attitudes can be used to predict who will
be a good teacher in terms of teacher-student relationships, and con-
sequently they can be used in the selection of teachers.

Todate, three studies have been conducted which show that teachers’
scores on the attitude inventory canpredict the relations between teacher
and students as well as almost any other psychological phenomenon can
be predicted by tests (for example predicting school grades from an intel-
ligence test). These studies were conducted in widely separated places—
Pennsylvania, South Carolina and Missouri—with substantially the same
results. The nature of the teacher-student relationship was determined
from ratings by the school principal, from ratings by members of our
research team who observed the class in session, and from an inventory
by the students about 'My Teacher".

Modern test construction usually follows one of two methods in
developingan instrument for prediction. One is strictly empirical;item
analysis is used to select items or questions which will predict most
efficiently. The result is usually an instrument which is difficult if not
impossible to interpret psychologically because of its omnibus character-
istic. The other method is to develop factorially pure (and psychologi-
cally interpretable)tests, the scores of which may thenbe appropriately
weighed to predict the criterion. The Minnesota Teacher Attitude Inven-
tory was constructed by the empirical method. We know what the inventory
will do (that is, what it will predict), but very little about what it is.

With ONR support, the attitude inventory is being analyzed to de-
termine what psychological factors it contains in order to know more
precisely what is being measured, and possiblyto improve the measure-
ment of each one of the possible factors. Ifthe inventory contains several
independent factors, thenthe identification of these factors isdesirable—
perhaps essential—in order to extend the use of the inventorybeyond the
public schools. Our ultimate goal is to modify the Minnesota Teacher
Attitude Inventory sothat its effectiveness in predicting teacher-student
relationshipsin a variety of adult education situations canbe determined.
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A Down-To-Earth View of Space Flight

M. W. Rosen

...received his B.S. in electrical engineering fromthe Univer-
sity of Pennsylvania. He is Head of the Rocket Section at the
Naval Research Laboratory, where he pursues investigations
on guidance systems for missiles and on rocket development.

In many respects, the rocket capitol of the United States is White
Sands Proving Ground, N. M. Here, in the 40-mile-wide basin between
the San Andres and Sacramento mountains, rocket vehicles designed and
built in widely different parts of the country are tested and fired. This
is where the Viking established a record altitude for single-stage miles,
the highest altitude reached by a man-made vehicle. Among the rocket
technicians who meet and discuss their work there is a saying: ''You
have either just had trouble, or you are now having trouble, or you are
about tohavetrouble.'" A few successful flights have received wide pub-
licity but the public seldom learns about the many rockets which do not
fulfill predictions. Nor is it explained that great odds were overcome to
produce a record flight - a flight that would have been prevented by the
failure of one component in several thousand. In a rocket everything
must work. This realization leads to a down-to-earth attitude toward
space travel.

Why is it so difficult to go much higher than we have been? It is
because the engineers have caught up withthe scientists and have almost
exhausted our store of basic knowledge. The time lag between the dis-
covery of a new material, technique, or principle and its utilization has
become increasingly short. The public has come to expect a constant
flow of products, each more wonderful than its predecessor. But the
engineer whohas alwaysdrawnhis ingredients from the cupboard of basic
research now finds that the cupboard is bare. He must wait for new
ingredients.

This is why plans for space travel and designs for space ships are
based on a meagre store of scientific knowledge and a large amount of
speculation. Of course there is a place for speculation if it is clearly
labelled "speculation"”, and if its purpose is to stimulate interest in the
subject. Butagreatdeal of harm would probably be done to this country's
defense effort, and tothe cause of space flightitself, if the United States
were to undertake any of the fantastic projects for a space shipthat have
been proposed in the last few years.

We can illustrate the difference between the speculative and the
scientific approachesto space travel by imagining two scientists, whom
we shall call "Scientist A' and "'Scientist B"'. Scientist A is holding
up a ladder whichextends far intothe sky. A typical American whom we
shall call "Taxpayer' approaches and engages him in conversation.
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Feasibility can be shown for a manned, earth-returnable rocket
that reaches an altitude of between 15 and 50 miles, even though no human
has ever reached these heights. Rockets have been built which canascend
50 miles and which can carry the necessary payload involved in trans-
porting a human being. The significance of the 50-mile height is that
parachute recoveryhas been successful only below this altitude. Entire
Wac Corporal rockets and instrument sections from Aerobees have recov-
ered by parachute from altitudes up to 50 miles. Moreover, the accel-
erations encountered on the powered ascentare within the tolerance limit
of human beings and the maximum velocity is sufficiently low so that,
for a vertical ascent, the vehicle skintemperature will nottaxthe capac-
ity of known materials and techniques of construction. The most important
feature ofa flight to lessthan 50 miles is thatits duration will be brief -
amatter of several minutes. For this reason, many of the difficult prob-
lems that would be involved in higher flights (effects of cosmic and solar
radiation, meteor collisions, free fallin a vacuum, etc. ) will be ignored.
Moreover, because the flight will be so short, it will not be necessary to
make elaborate provision for the necessities oflife: Food, oxygen, elimi-
nation of wastes and maintenance of ambient temperature.

The most important problem inthis region will be one of reliability
of the rocket, for on this depends the man's chance for survival. The
concept of reliability must enter intothe design of every component, sub-
assembly and operating system of the vehicle. The factors of safety here
are entirelydifferent from those presently used in the design of sounding
rockets. The probability of returning a man safely 99 times out of 100
is a very much smaller number than the probability of a safe return 1
time in 100.

Above 50 miles the situationis entirelydifferent. Attemptsatpara-
chute recovery of instruments have not been successful. Depending upon
the altitude to be reached, the accelerations could be beyond human toler-
ance limits and vehicle skin temperatures above the melting points of
available materials. The Viking rocket, which reached an altitude of
136 miles, could have carried a man, but no one could have ensured his
safe return. In fact no one could even have calculated the probability of
his survival; there are too many "unknowns' at this stage of the game.
For example, if the duration of the flight is long, the effects of cosmic
and solar radiations must be considered —a difficult problem, since the
nature and quantity of these radiations in outer space have not been fully
determined and we are only beginningto study their effects onliving cells.
Another risk hard to assess is the probability of meteor collisions;
although this hazard has been estimated and various schemes proposed
for eliminating it, none have ever been tested.

Besides these '"unknown''difficulties there are some whichare very
easy to predict, though they are not so easy to solve. For example, in
a long flight elaborate equipment requiringa continuous power source will
be necessarytoprovide the human passenger with the necessities of life.
Such equipment, as well as that needed for guiding the vehicle, will have
tobe automatic in operation because the long flight would probably impose
terrific physical and physiological strains on the passenger. Thus, many
machines will have to perform a greatdiversity of functions with precision.
A tremendous amount of investigation, measurement, and test will have
to be conducted before one can assess the magnitude or importance of
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this fluid can have lower molecular weight than the exhaust gases of a
chemical combustion. But there are also disadvantages involved in the
use of nuclear-powered rockets —for example the danger to instruments
and personnel from damaging radiation. Despite such difficulties, the
potential use of nuclear power for the propulsion of rockets cannot be
ignored. Before we construct the first atomic-powered rocket vehicle,
however, we must investigate the use of nuclear rocket power in the
laboratory and in the test pit.

Hand-in-hand with rocket power gains must come progress in the
field of electronics. The navigation of a space ship, communication
between the ship and earth, and automatic control of the complex equip-
ment necessary for human survival in outer space—all pose tremendous
problems for the electronics scientist.

I will not attempt to list or classify the many other investigations
that evolve from our desireto send a human being into outer space—for
example, research that falls into the category of human engineering.
Many such problems and a few of the answers have been ably presented
by Dr. Haber!. This type of research canproceed, infact, must proceed—
concurrently with vehicle development if we contemplate human travel in
outer space. Hereinlie many years of research for the biologist, physiol-
ogist and psychologist. In this connection, when asked what fields of
scientific endeavor are embraced by the subject of space travel, a co-
worker of mine replied, "It would be easier to name the fields that are
not required.” When pressed further he was unable to name any field
of science that could be eliminated categorically.

Thus far, research contributing to space travel has been accom-
plished as a by-product of other projects —largely military. A better
rocket motor is a better rocket motor—whether itis intended as a guided
missile or as a sounding rocket. Conversely, many investigations which
further space travel have been supported because they also contribute to
our national defense. The time has come, I believe, for someone or
some group to assess clearly the problems involved in space flight and
to determine what we are doing and what we could do to make further
progress. Such a group should consist of able and respected representa -
tives of government, science, and industry and might be sponsored by the
National Science Foundation recently created by Congress.

I would commend to such a group the following procedure:

(1) They should make a thorough study of existing knowledge on
space flight and then prepare a list of the problems which must be
solved before it can be achieved. Such a list will be lengthy and
far from complete.

(2) They should select from the list those problems which can be
tackled with the techniques and tools available today.

(3) They should examine every project in the country which is
closely allied to space flight. Many of these projects are classified

ln a paper entitled '"Manned Flight at the Borders of Space'' presented
at the Centenial of Engineering, Chicago, Sept 1952
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Why Are Insects Harder to Kill ?

Charles D. Michener

... chairman of the Department of Entomology at the Uni-
versity of Kansas, received his Ph. D. in that field from
the University of California. He has done extensive re-
search on the classification of bees and other insects.

During the last world war and for a short time afterwards, many
entomologists, and the public as well, felt that we were on the road to
nearly perfect control of certain important pests by means of the new
insecticide, DDT. This material was merely the first and most famous
of a long series of fine synthetic insect poisons and more are being de-
veloped each year. Not only have they made possible more efficient
insect control, but theyhave indirectly made medical history by control-
ling insect carriers of disease. Yet today, before our very eyes, one
after another of these insecticides isbecoming ineffective in the control
of some of our most important pests. Chemists and entomologists have
become involved in a contest with these insects—a race between the de-
velopment and use of new insecticides on one side and the ability of the
insects to develop insecticide resistance onthe other. It is a race which
man may lose eventually unless he changes his methods and uses some
other attack. The number of new insecticides cannot be infinite. It
would be a real hardship and in some places a serious health hazard to
go back now to the control methods of the Thirties.

It is well known that any organism mustbe well adapted to its en-
vironment in order to survive. It is further known that one of the prin-
ciples of existence is that when environment changes, organisms must
either die, move, or adaptthemselves. When we spray with an insecti-
cide, we change the environment by adding a chemical and we hope for
the first alternative, death of the insects. As second choice, we hope
that at least they will move away. Instead, we sometimes get the third
alternative--that is, the insects evolve, thus becoming adapted to the
changed environment. In other words, they become resistant to the
insecticide.

Our studies at the University of Kansas are designed to shed light
on the evolutionary problems involved. Most evolution goes on at such
a slow rate that it is difficult to study and, moreover, it cannot easily
be brought into the laboratory. The development of resistance is a sort
of evolution, fundamentally notdifferent from natural evolution, but well
adapted to precise laboratory investigation. We hope to obtain certain
basic data about evolutionary mechanisms and at the same time contri-
bute to the practical problem of how to avoid or reduce the development
of resistance.

Knowledge of resistance of insects to insecticides is far older than
is usually realized. Several kinds of insectsdeveloped such resistance
long before 1944. As early as 1914 San Jose scale, a pest which had
previously been easilykilled by lime sulfur, began to Kill trees in spite
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of repeated treatments with this insecticide. Oil insecticides came into
use in the control of this pest because of the inefficacy of lime sulfur,

The next important insect pest which developed resistance was the
codling moth or appleworm. Growers noted for years that, in order
merely to maintain a certain standard of "wormlessness'' intheir crop,
they had to increase the number of sprays as well as the concentration
of lead arsenate in these sprays. When the matter was finally investi-
gated, it was found that strains had developed which entered the apples
promptly after hatching from the eggs and thus ate less poison than the
nonresistant strains which nibbled here and there before entering. The
resistant strain exhibited no true physiological resistance, but had in-
stead a behavioral characteristic that was a selective advantage in the
presence of poisons on the apples.

Within a few years of the first really extensive use of DDT, insects
were developing resistance to it. Thus, in 1947, house-fly resistance
was reported in Italy, where DDT had been widely used by American
troops in 1943. In 1948 considerable resistance had also developed in
parts of the United States where DDT had been recommended for several
years as a spray for barns and other fly breeding places. By 1950 a
survey revealed not a single house-fly population inthis country that was
not at least somewhat more resistantto DDT thanthe so-called '"normal"
or susceptible strains., Other insecticides, of course, have replaced
DDT in the control of houseflies. Unfortunately, and to the great alarm
of all concerned, DDT-resistant flies also develop serious resistance
to other insecticides in one-half to one-third the number of generations
that is required for similar evolution by nonresistant forms. There-
fore strains have developed or are now arising which are resistant to
virtually every one of the recently developed synthetic insecticides (such
as chlordane, lindane, and dieldrin) and many fly populations are resis-
tant to two or more insecticides. In the laboratory, strains have been
developed which are so resistant that 2000 times as much DDT, on the
average, is requiredto kill afly as was required for ordinary nonresis-
tant flies when DDT first came into use.

In addition to houseflies, mosquitoes of several kinds and perhaps
a dozen other kinds of insects have developed a resistance to DDT in
recent years. Spacedoes not permit a historical summary ofall of these.
It must suffice to point out that resistance has doubtless arisen in many
more insectsthan is now known. One of the latest reports, not yet con-
firmed by laboratory tests, is that bedbugs are getting hard to kill with
DDT.

What causes resistance? Actually too little is known of how re-
sistant insects differ from the others. As already stated, the so-called
resistance inthe codling mothis due to a change inbehavior, not to real
physiological change in the insect. On the other hand, some resistant
strains of houseflies are larger and have thicker cuticle than the suscep-
tible ones. Presumably part of the resistance of the tougher specimens
is due to the factthat DDT and similar insecticides are less readily ab-
sorbed through their thick cuticle. Increasing knowledge indicates, how-
ever, that much or all of the resistance in most houseflies is due to
physiological factors, not to merely mechanical ones. Much work re-
mains to be done on this but it is reported that DDT in the bodies of
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resistant flies is rapidly altered to a nontoxic substance known as DDE,
while inthe bodies of nonresistant flies this does not take place;the DDT
remains poisonous and kills the fly.

There is no doubt that resistance is often due to several different
factors. In the housefly, strains resistant to one insecticide are usually
somewhat less resistant to a second, but can quickly be made more re-
sistant by selection.! Evidently some factor, possibly reduced perme-
ability of the cuticle, makes these strains somewhat resistant to any
insecticide that enters by way of the cuticle. Further resistance, specific
for the particular insecticide, is probably of a different nature.

How did such resistance evolve? First of all it is apparent that
the factors responsible (genes, etc. ) were disadvantageous infly popula-
tions before the adventof DDT. Had they been advantageous, they would
already have become prominent in most fly populations; thus the flies
would have been naturally resistant, and DDT would never have been
considered a good fly poison. From this information a logical con-
clusion is that if DDT is removed from the environment, selection will
favor the original strain and flies will become less resistant. From the
practical standpoint, however, this information may not be too useful
for we cannot tell whether reversion will occur in a year or two or will
require a century. This isbecause wehave as yetno idea how unfavor-
able the resistance-conferring genes may be in the absence of DDT.

Our studies deal with the mechanism of evolution of resistance.
We havebeen using the pomace fly, Drosophila melanogaster, because of
the ease with which it can be reared, the large number of generations it
produces per year, and especially because more is known about its
genetics than about that of any other organism. We believe that much of
the information obtained on its resistance will be applicable to the house -
fly, but to be sure we are now starting a series of experiments on the
latter.

Our work on Drosophila consists of experiments in which resistant
strains are developed both by rather moderate selection (50 percent
survival in each generation after DDT exposure), and by rigorous selec-
tion (5 percent survival after exposure, if possible). We are alsodevel-
oping unusually susceptible strains by using for breeding, in each
generation, brothers and sisters of the most readily killed flies. At
each generation breeding is controlled—that is, the sexes are separated
before they have a chance to mate. Later they are mated according to
an established plan. DDT is used in the larval food medium and selec-
tion thus occurs in this stage, not in the adult stage.

IThe selectionreferredtointhisarticle is of twotypes. Natural selection
is the selective action of external conditions in which characteristics
favorable to the survival of the animalor plant are preserved. In artifi-
cial selection animals are mated according to a definite plan which will
produce given characteristics inthe offspring. The type of selection meant
is not always specified inthe article, but canbe inferred from the context.
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As explained above, these experiments are designed to getbasic
data on the way in which selection operates and particularly on ways in
which different characteristics of an organism become associated with
one another. This matter of association is vital, for we probably never
obtain really high resistance except when a number of genes favorable
for resistance are associated in a single organism.

We have evolveda working hypothesis on the probable way in which
resistance develops which our studies will check insofar as is feasible.
This hypothesis proposes that when a population of flies is exposed to
DDT, no selection occurs if all individuals are killed; hence there is
no evolution of resistance. This is not the case, however, with DDT;
like many of the other synthetic insecticides it leaves a residue on surfaces
which kills for some time after its application and gradually disinte-
grates or wears off. Thus if the surface is of a permanent nature2 (a
barn, a house, or a woody plant) a time will come after spraying when
not all the flies contacting it will be killed; some will be slightly more
resistant than the others and will survive the lessened dosage. If most
of the surviving flies of a population are thus selected, a slightly resistant
strain is already being developed.

Asalready explained, the genes conferring resistance are slightly
disadvantageous in natural populations. Like many other genes for dis-
advantageous characteristics, however, they remain in the population.
They are usually recessives3, but they do emerge in rare individuals.
Yet they constitute a pool of hidden variability upon which the flies can
draw when the environment changes to make these genes advantageous.
There isno reasonto believe that new mutations4 are necessary before
resistance can arise; selection operates, in all probability, on genesthat
have been in the population for a long time.

In a large fly population the slightly resistant individuals first
favored by selection will no doubt be resistant for several different rea-
sons. Some may have thicker or less permeable cuticle; others will have
the ability to detoxify DDT; and the remainder may not usually rest on
the sort of surfaces commonly sprayed. No one fly will have all these
resistant characteristics because the genes for them are so rare that
combinations will be nearly nonexistent.

Soon after selection begins, however, most of the surviving flies will
have one of the characteristics that causes resistance. These character-
istics are additive—that is, a fly withtwo ofthem will be considerably

ZResistance is not knownto have developed in insects feeding on rapidly
growing herbaceous crops which soon die or are plowedunder. No per-
manent surfaces for DDT deposits are provided by such plants, and DDT
remains highly effective against many agricultural pests.

3A recessive characteristic is one which is undeveloped.
4 A mutationis a suddenvariation; the offspring differ markedly from their

parents in some definite characteristic. This is unlike the situation where
a change becomes well defined only in the course of many generations.
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